Myelination and its regenerative counterpart remyelination represent one of the most complex cell-cell interactions in the central nervous system (CNS). The biochemical regulation of axon myelination via the proliferation, migration, and differentiation of oligodendrocyte progenitor cells (OPCs) has been characterized extensively. However, most biochemical analysis has been conducted in vitro on OPCs adhered to substrata of stiffness that is orders of magnitude greater than that of the in vivo CNS environment. Little is known of how variation in mechanical properties over the physiological range affects OPC biology. Here, we show that OPCs are mechanosensitive. Cell survival, proliferation, migration, and differentiation capacity in vitro depend on the mechanical stiffness of polymer hydrogel substrata. Most of these properties are optimal at the intermediate values of CNS tissue stiffness. Moreover, many of these properties measured for cells on gels of optimal stiffness differed significantly from those measured on glass or polystyrene. The dependence of OPC differentiation on the mechanical properties of the extracellular environment provides motivation to revisit results obtained on nonphysiological, rigid surfaces. We also find that OPCs stiffen upon differentiation, but that they do not change their compliance in response to substratum stiffness, which is similar to embryonic stem cells, but different from adult stem cells. These results form the basis for further investigations into the mechanobiology of cell function in the CNS and may specifically shed new light on the failure of remyelination in chronic demyelinating diseases such as multiple sclerosis.
Introduction
M yelination, the process in which axons are wrapped with a lipid-rich sheath of multiple membrane layers called myelin, constitutes one of the most important developments in vertebrate evolution and is amongst its most complex cell-to-cell interaction [1] . Myelin allows axons to conduct action potentials by the rapid and efficient process of saltatory conduction and also confers an important supportive effect on the underlying axon, both of which have allowed vertebrates to grow to much larger sizes and to function at a higher cognitive level than would have been possible in its absence.
Myelin in the central nervous system (CNS) is produced by oligodendrocytes (OLs) that are generated during the perinatal period from a population of multipotent progenitor cells called oligodendrocyte progenitor cells (OPCs). During development, OPCs are generated from distinct germinal zones [2] , while in the adult, they constitute an abundant, widely distributed and self-renewing population of cells manifesting features of an adult neural stem cell population [3] [4] [5] [6] . It is these adult cells that are responsible for generating new OLs during remyelination [6, 7] . Newly generated OLs reinvest demyelinated axons in a spontaneous, but inconsistent regenerative process called remyelination, the therapeutic promotion of which is a key current objective in regenerative medicine [8] .
Both the developmental process of myelination and the regenerative process of remyelination involve proliferation and migration of OPCs before they differentiate into OLs that engage axons, wrapping them with a membranous process that ultimately forms the myelin sheath. Understanding the mechanisms of these diverse aspects of myelin sheath formation constitutes a major challenge for developmental neurobiology and is a prerequisite for developing effective remyelination therapies. Each of these events involves cells mechanically interacting with and physically engaging the local environment. However, while the biochemical-signaling governing myelination has been explored extensively [9] , it is not known whether the mechanical properties of both the cells and the environment with which they interact contribute to the orchestration of this process. This question is of fundamental importance, since much of our understanding of OL biology is inferred from cell culture studies using substrata such as glass or polystyrene (PS) that are orders of magnitude stiffer than any material found in the body, particularly those in the CNS (Fig. 1e) . In this study, we consider whether OPCs are responsive to mechanical surroundings by studying the effect of in vitro substratum (a flexible cell culture surface) stiffness on cell stiffness, adhesion, survival, proliferation, migration, and differentiation, using a combination of atomic force microscopy (AFM), immunocytochemistry, and time-lapse optical microscopy. Our results show that cells of the OL lineage are mechanoresponsive and that substrata of different compliance are optimal for specific cellular processes. These findings support the hypothesis that mechanical cues are likely to contribute to regulation of myelin sheath formation in the developing and demyelinated CNS and need to be considered for successful remyelination therapies.
Materials and Methods

Cell culture
All chemicals were obtained from Sigma Aldrich unless otherwise stated. OPCs were isolated from Sprague Dawley rodent mixed glial cultures, as previously described [10] . Briefly, mixed glial cultures established from neonatal cortices were maintained in 10% fetal bovine serum for 10-14 days before overnight shaking to remove OPCs. OPCs were FIG. 1. Oligodendrocyte lineage differentiation markers and tissue stiffness. (a-d) oligodendrocyte progenitor cells (OPCs) in vitro undergo well characterized morphological changes (schematics) and express multiple differentiation markers. OPCs were isolated at the precursor stage where they expressed A2B5 (green, a) and NG2 (red, b) and had a simple bi-or multipolar shape. After induction of differentiation, cells reached the pro-oligodendroblast stage expressing 2¢,3¢-cyclic nucleotide 3¢-phosphohydrolase (CNP) (green, c) and increasing in morphological complexity. Beyond 5 days postinduction, many cells had lost defined processes and had elaborated a myelin membrane (myelin basic protein [MBP] red, d). Scale bars 25 mm. (e) Comparison of stiffness range (Young's modulus, Pa) of brain tissue, polyacrylamide (PAAm) gels used in this work, polystyrene (PS), and glass; (f) Schematic representation of atomic force microscopy (AFM)-enabled nanoindentation of a cell via a cantilevered spherical bead; F is applied force and h is indentation depth. Color images available online at www.liebertpub.com/scd 2 JAGIELSKA ET AL.
maintained in a progenitor state in the DMEM (Invitrogen) with Sato's modification (5 mg/mL insulin, 50 mg/mL holo-transferrin, 5 ng/mL sodium selenate, 16.1 mg/mL putrescine, 6.2 ng/mL progesterone, and 0.1 mg/mL bovine serum albumin) plus 10 ng/mL platelet-derived growth factor homodimer AA (PDGF-AA) and 10 ng/mL basic fibroblast growth factor-2 (FGF-2; Peprotech) (PDGF-AA and FGF-2 were refreshed daily) (proliferation medium). The growth factors PDGF-AA and FGF-2 are physiological and pathophysiological OPC mitogens and enhancers of migration, which in combination also maintain OPCs in an undifferentiated state. To induce differentiation, OPCs were cultured in Sato's medium without PDGF-AA or FGF-2, plus 30 ng/mL tri-iodothyronine, 63 mg/mL N-acetyl cysteine, and 0.36 ng/mL hydrocortisone (differentiation medium).
Functionalization of glass and PS dishes
Tissue culture PS (BD Falcon) and glass coverslips were incubated for 1 h at 37°C with 5 mg/mL (PS) or 50 mg/mL (glass) poly-D-lysine (PDL, 70 kDa; Sigma), and washed twice with deionized water before cell seeding.
Polyacrylamide gel preparation
Gels were fabricated onto round 22-mm glass coverslips (for cell adhesion, area, and morphology experiments) or P60 glass-bottom dishes (30-mm glass diameter, Invitro Scientific, for AFM and migration experiments), as described previously [11, 12] . For details see Supplementary Information S1 (Supplementary Data available online at www .liebertpub.com/scd).
Antibodies
The primary antibodies used for immunocytochemistry were mouse anti-A2B5 (in house hybridoma), mouse anti-O4 (Millipore), rabbit anti-NG2 (Millipore), mouse anti-CNPase (Millipore), rat anti-MBP (Serotec), and rabbit anti-Ki67 (Thermo Scientific). Secondary antibodies used were goat anti-mouse IgM Alexa 488 (Invitrogen), goat anti-rabbit Alexa 488 (Invitrogen), goat anti-rabbit cy3 ( Jackson Immunoresearch), and donkey anti-rat cy3 ( Jackson Immunoresearch). Propidium iodide (PI; Invitrogen) was used to measure cell survival. Cells were incubated live with 50 mg/mL PI for 15 min at 37°C.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde, washed with phosphate-buffered saline (PBS), and blocked with 3% normal goat serum in PBS and 0.1% Triton · 100. Primary antibodies were diluted in 3% normal goat serum in PBS and 0.1% Triton · 100 and incubated at room temperature for 1 h. Coverslips were washed 3 · with PBS, and secondary antibodies diluted 1:500 in 3% normal goat serum in PBS and 0.1% Triton · 100, and incubated for 1 h. They were then washed and nuclei were stained with Hoechst (2 mg/mL in PBS for 5 min). Gels were stored in PBS 0.1% sodium azide and plates sealed with parafilm and stored at 4°C to prevent dehydration. Coverslips were mounted using the Fluoromount G (Southern Biotechnology) mounting medium.
Microscopy and image analysis for cell adhesion, survival, proliferation, and differentiation measurements Confocal z-stacks of OPCs on glass coverslips were taken using a Leica TCS SP5 microscope. Images of cells on gels were obtained using a Zeiss Axio observer A1 epifluorescence microscope. For the adherence assay, 10 fields/ gel at 10 · magnification were quantified. For Ki67 and PI staining, 5 fields/gel at 20 · magnification were quantified as percentage of Ki67 or PI positive cells with respect to the total number of cells (identified via Hoechst positive nuclear staining). To assess morphology, the cell area or proportion of MBP + cells, images of 10 fields/gel were taken at 20 · magnification. The area of 100 cells across 2 gels/condition was measured in each experiment. Data shown are meanstandard error of the mean (SEM) and show combined data from a minimum of 3 independent experiments. Cells were counted and the cell area calculated using ImageJ software [13] . To measure the area, manual thresholding was performed and individual cells outlined before using the Measure Area function.
AFM-based measurements of cell stiffness
All AFM-enabled indentation measurements of cell elastic modulus and creep compliance were done with an MFP-3D Bio AFM (Asylum Research), using a silicone nitride cantilever with an attached PS bead of 25-mm diameter and a nominal spring constant k = 0.03 N/m. The actual spring constant was calibrated via the thermal noise method [14] . Cells were measured at 37°C in the HEPES buffer-based medium at pH 7.4.
Elastic modulus. The Young's elastic modulus of cells was measured for 106 OPCs and 110 OLs adhered to a PDLcoated PS dish. Twenty-five force-indentation curves were collected for each cell at its center, the indentation elastic modulus E was calculated by fitting the Hertz model [15] for an indentation depth of 0.4 mm; the values for each cell were averaged for the elastic modulus reported. Probe retraction was triggered after reaching the maximum force of 350 pN; the cantilever base velocity was 4 mm/s.
Creep compliance. For each cell, 5 indentation depth versus time responses (h -t) were obtained by applying a constant force of 150 pN for 20 s to the center of each cell. Forty OPCs and 40 OLs were measured for each substratum condition. h -t curves measured for individual cells were averaged over the entire data set ( Supplementary Fig. S1 ). The average h -t curve for each cell was transformed to its reciprocal, J(t) -1 , which is proportional to a time-dependent modulus,
À 1 (Poisson ratio of cell assumed v = 0.5) (Fig. 2b, c) . J(t) was calculated according to the LeeRadok solution for creep compliance in shear under spherical indentation [16] :
, where R is a spherical probe radius, F 0 is applied force, and h(t) is indentation depth at time t.
Cell migration measurements
Migration parameters were calculated from 4-h cell paths recorded by time-lapse imaging, with 3-min intervals between snapshots. Cells were measured at 5% CO 2 and 37°C, in the proliferation medium containing the growth factors
MECHANICAL MODULATION OF OPC PROPERTIES
PDGF-AA and FGF-2 that are well recognised OPC mitogens and enhancers of migration (imaging was started 1 h after adding a daily dose of 10 ng/mL of PDGF-AA and FGF-2 to the media). For each substratum, 30 OPCs per experiment were measured at different locations of a gel surface, experiments were repeated twice, and data were averaged over the entire set of 60 cells. From these paths, accumulated distance (sum of distances traveled at each interval), start-toend distance (shortest distance between starting and final position), directionality (start-to-end distance/accumulated distance), velocity (calculated as an average over all 3-min interval velocities), and radius of migration (maximum distance traveled from the starting location) were computed using ImageJ software [13] with module ''Analyze Particles'' to determine coordinates of the cell centroid in each snapshot.
Statistical analysis of data
For the cell adhesion, survival, proliferation, and differentiation experiments, the reported errors were SEM. A statistical significance analysis was done by the Krushal Wallis analysis of variance and Dunn's post hoc tests. For the cell stiffness and migration experiments, reported errors are SEM estimated by bootstrapping, and statistical significance was analyzed by hypothesis-testing with bootstrapping (Supplementary Information S2).
Results
OPCs can be grown and differentiated on substrata of different stiffness
To investigate the effect of mechanical stimulation on cells of the OL lineage, primary rat OPCs were cultured on polyacrylamide (PAAm) gels coated with PDL. The proportions of PAAm and Bis-A cross linker were varied to cover a range of Young's elastic moduli E from 0.1 to 70 kPa, which includes the stiffness range of the human brain tissue (E * 0.1-1 kPa; [17] [18] [19] [20] ) (Fig. 1e) . Gel stiffness was confirmed via both AFM-enabled nanoindentation and bulk rheological measurements (see Supplementary Information, Supplementary Table S1 ).
OPCs were cultured in the presence of soluble PDGF-AA and FGF-2 to maintain cells in an undifferentiated state [21] [22] [23] [24] . Cells displayed a bipolar or simple multipolar phenotype and expressed the OPC markers A2B5 (Fig. 1a) and NG2 (Fig. 1b) . Differentiation was induced by withdrawal of PDGF-AA and FGF-2: after *3 days cells were multipolar and expressed the early myelin protein CNPase (Fig. 1c) , while after day 3-5 many cells expressed the myelin basic protein (MBP, the marker of mature OLs), and individual processes were replaced by an extensive myelin membrane (Fig. 1d) . Hereafter, we refer to cells in this later stage of biochemically induced differentiation as OLs.
OPCs stiffen during differentiation independently of substratum stiffness
Cell stiffness may correlate with the capacity to migrate through tissue [25] , and changes in cell stiffness can also correlate with an altered response of cells to external forces [26] , which could ultimately contribute to regulation of cell function and differentiation. In development, OPCs migrate through a dense network of neurons and radial glia, and are thus subjected to a range of mechanical forces. In contrast, OLs do not migrate and instead establish stable adhesion to, and myelination of axons, encountering stresses associated with wrapping multiple layers of membrane around each axon [1, 27, 28] . To test whether this differential function is reflected in the mechanical properties of these cells, we measured the stiffness of OPCs and OLs adhered to tissue culture PS dishes, expressed as the indentation elastic modulus E measured via AFM-enabled nanoindentation (Fig. 1f) . The average stiffness of OLs was significantly greater (P < 0.05) than that of OPCs, and OLs also exhibited a broader distribution of E (Fig. 2a) range of OPC and OL stiffness (30-150 Pa and 40-210 Pa for OPCs and OLs, respectively; see Fig. 2a ) is within the stiffness range for white matter in brain (100-400 Pa; [20] ). Over longer durations of deformation, cells can exhibit viscoelastic (rate-dependent yet reversible) deformation. To mimic the sustained forces that may occur in vivo on the viscoelastic behavior of OPCs and OLs, we conducted AFMenabled creep compliance measurements. The stiffness difference between the OPCs and OLs grown on PS persisted under this extended exposure to force (Fig. 2b) . Here, average stiffness of cells is represented by the time-dependent elastic modulus, E(t = 20 s), which is proportional to the reciprocal of creep compliance, J(t = 20 s) -1 (see Methods). As with the measurements of stiffness under initial loading (Fig.  2a) , the stiffness measured via creep compliance also increased with differentiation progression and exhibited a wider distribution for OLs than for OPCs.
To consider whether similar differences in OPC and OL stiffness occur when the substratum stiffness is reduced to physiological levels (rather than using rigid PS substrata), we repeated creep compliance measurements for cells adhered to PAAm gels of stiffness ranging from 0.1-70 kPa (Fig. 2c) . Across this range of gel compliance, the average stiffness of the cell population remained significantly larger for OLs than for OPCs (P < 0.05) (Fig. 2c , average E(t) at t = 20 s). This difference existed at all time points of force duration and increased with time ( Supplementary Fig. S1a-h ). Cell stiffness did not depend significantly on gel stiffness (P > 0.05) for either OPCs or OLs (Fig. 2c) . However, both OPCs and OLs cultured on the much stiffer PS substratum (E * 3 GPa) were stiffer than cells grown on this range of PAAm gels (Fig. 2c) .
OPC adhesion is independent of substratum stiffness
Cell attachment is required for multiple events, including cell survival, proliferation, and migration [29] . Further, we and others have shown that variation of stiffness of a synthetic substratum alone can alter the efficiency of cell adhesion [30] . To compare the ability of OPCs to adhere to substrata of varying stiffness, cells were added to the medium above PAAm gels or glass coverslips. Following 1 h of incubation on an orbital shaker at 1 Hz, cells were fixed and nuclei were stained with Hoechst. The maximum adhesion was measured for the gel of E *1 kPa, but the differences in adhesion for gels of differing stiffness did not reach statistical significance; adhesion to glass was lower compared to the gel of 1 kPa stiffness (Fig. 3a) . These findings for comparable adhesion on PAAm gels of varying stiffness suggest that changes in OPC adherence in vivo may depend more on the biochemistry of cell surface receptor interactions and the composition of the extracellular environment than on its stiffness.
OPC survival and proliferation are optimal on intermediate substratum stiffness
To assess whether gel stiffness affected OPC survival, cells were plated in the proliferation medium (or in the Error bars are -SEM; *P < 0.05, **P < 0.01, ***P < 0.001. Supplementary Fig. S2a) ; pyknotic nuclei of dead or dying cells were labeled with PI after 24 h. The percentage of PIlabeled cells with respect to the total number of Hoechstlabeled nuclei was higher on the more compliant gels (0.1 and 0.4 kPa) (Fig. 3b) . Within the physiological range of brain tissue stiffness (0.1 to 1 kPa [17] [18] [19] [20] ), survival was optimal for OPCs on gels of E * 0.7 and 1 kPa (Fig. 3b) .
MECHANICAL MODULATION OF OPC PROPERTIES
The percentage of proliferating cells in both the proliferation medium (containing the OPC mitogens PDGF-AA and FGF-2) and the differentiation medium (without PDGF-AA and FGF-2) was measured following immunocytochemistry to the proliferation marker Ki67, 24 h after plating on PAAm gels or glass coverslips. Among the PAAm gels of physiological stiffness, OPCs cultured in the proliferation medium showed an increased proliferation rate on gels of E * 0.7 and 1 kPa (Fig. 3c) , which was significantly greater than on gels of 0.4 and 0.1 kPa. Levels of proliferation were much lower for cells in the differentiation medium, but also for this medium condition the proliferation was highest on gels of E * 0.7 and 1 kPa ( Supplementary Information, Supplementary Fig. S2b ). Thus, as with survival, OPC proliferation was greatest on gels within the intermediate range of brain stiffness.
Both OPC proliferation and survival rates measured on glass were similar to those measured on gels of optimal stiffness for these processes (E * 0.7-1 kPa) (Fig. 3b, c) . However, compared to the glass substrata, there was significantly a lower survival on gels of E *0.1 kPa and a decreased proliferation on gels of E < 0.4 kPa (Fig. 3b, c) .
OPC migration depends on substratum stiffness
Both myelination and remyelination require OPC migration, which could be influenced by the mechanical stiffness of the developing or injured CNS. Analyzing 2-dimensional migration of these cells along substrata, in the presence of physiological enhancers of OPC migration PDGF-AA and FGF-2, we found that the OPC migration velocity and the radius of migration were maximized on gels of E * 0.7 kPa (Fig. 3d, e) and the directionality was greatest for gels of E * 0.4 kPa (Fig. 3f) . Other migration parameters, such as accumulated distance and start-to-end distance, were also maximized for gel stiffness of 0.7 kPa (Supplementary Information, Supplementary Fig. S3a, b) . For gel substrata with stiffness beyond the physiological range (70 kPa), migration parameters slightly exceeded those for gels of 0.7 kPa stiffness (not statistically significant, P > 0.05) (Fig.  3d, e) , with exception of directionality, which was independent of substratum stiffness for E > 0.7 kPa (Fig. 3f) . Thus, within the physiological range of mechanical compliance in the brain, OPC migration was most efficient on gels of intermediate stiffness. As expected, OLs did not migrate on any substrata.
OPCs migrating along PS exhibited larger velocity and radius of migration, but lower directionality as compared to the respective optimal gels (E * 0.7 kPa for velocity and radius, and 0.4 kPa for directionality) (Fig. 3d-f ).
OPC differentiation is enhanced on stiffer substrates
Finally, we tested the influence of substratum stiffness on OPC differentiation by assessing morphology, spread area, and percentage of cells expressing MBP, the mature OL marker. Cells were cultured on PAAm gels of varying stiffness or glass in the differentiation induction medium, and analyzed after 3 days. To assess morphology, cells were costained with antibodies to the OPC marker A2B5 and late progenitor marker O4, and grouped according to phenotypic features: class 1 comprised simple bi-or multi-polar cells that did not have interdigitating processes (Fig. 4a) comprised complex cells with interdigitating processes, but without membrane sheets (Fig. 4b) , and class 3 comprised cells that elaborated a myelin membrane (Fig. 4c) . Following 3 days of differentiation, we observed a clear trend in the decreasing fraction of simple cells (class 1, black) and an accompanying increase in the percentage of myelinproducing cells (class 3, white) with increasing substratum stiffness (Fig. 4d) . This variation in morphology correlated well with our results for cell spread area, which increased with increasing gel stiffness up to 1 kPa (Fig. 4e) . Cell morphology and the surface area were also analyzed at an early stage of differentiation, 1 day postinduction (see Supplementary Information, Supplementary Fig. S2c, d) .
As an alternative measure of differentiation, the percentage of MBP-expressing cells was quantified after 3 days postinduction. We again observed a similar trend as for cell morphology and area, with the fraction of MBP-positive cells increasing with increasing gel stiffness (Fig. 4f) .
Differentiation within cell cultures on glass at 3 days was higher compared to the optimal gel (E *1 kPa), as quantified by morphology, cell area, and %MBP-positive cell assays (Fig. 4d-f ).
Discussion
The developmental process of myelination and its regenerative counterpart remyelination require both a sufficient number of OPCs appropriately distributed within the CNS and the differentiation of these progenitor cells into myelinforming OLs. The mechanisms involved in the regulation of the various cellular events of developmental myelination are among the most extensively explored in neurobiology, and our understanding of the regenerative process has substantially increased in recent years [6, 8, [31] [32] [33] . However, remarkably little is known of how the physical properties of the environment in which these events take place contribute to their regulation, despite the increasing knowledge that tissue cells from other lineages are mechanosensitive [30, [34] [35] [36] [37] [38] [39] [40] and that physical properties of tissue are profoundly altered by injury [18, [41] [42] [43] and are therefore likely to have a significant bearing on the efficiency of regeneration. The need for consideration of physical cues becomes acute when one considers that much of what we know about the biology of myelination has been gleaned from tissue culture studies using in vitro substrata that are orders of magnitude stiffer that the CNS tissue in vivo (Fig. 1e) .
Here, we have begun to address this deficit in our understanding of myelination by systematically investigating whether substratum stiffness within the physiological range encountered in the CNS influences OPC survival, proliferation, stiffness, motility, and differentiation. We found that OPC survival, proliferation, and migration (in terms of velocity and distance) occurred at optimal efficiency within the intermediate range of physiological brain tissue stiffness, and that OPC differentiation efficiency increased with increasing substrate stiffness. These data demonstrate that OL lineage cells are mechanosensitive and are therefore likely to be responsive to extracellular mechanical cues. One implication of such mechanosensitivity in vivo is that the age-dependent changes of CNS mechanical properties [44] may initially provide ideal conditions for myelination that turn more prohibitive in an adult. Another implication is that pathological changes of the OPCs environment, such as those encountered in demyelinated lesions in multiple sclerosis, may provide a suboptimal mechanical environment that inhibits some OPC functions and contributes directly to inefficient OPC differentiation and remyelination.
Correlations between stem cell stiffness and substratum gel stiffness
We have demonstrated that OPCs are more compliant than OLs, indicating that cell stiffness can vary with differentiation state (Fig. 2a, b) . This increased compliance of OPCs might be a physical prerequisite for their efficient migration in a dense 3D environment. OLs on the other hand are nonmigratory, and may therefore not require the same level of compliance [45, 46] . However, we found that cell stiffness was independent of gel stiffness: over the range explored, OPC and OL stiffness was statistically invariant with gel stiffness (Fig. 2c) . This is in contrast to previous reports for adult mesenchymal stromal cells (MSCs) and fibroblasts, which exhibited increasing cell stiffness with increasing stiffness of similar PAAm gels [38, 47] . However, the observed absence of correlation between OPC/OL and gel stiffness is similar to that reported for mouse embryonic stem cells (mESCs) [48] . One plausible reason for this contrasting The % change was calculated as: (value measured on optimal gel -value measured on glass or polystyrene)/(value measured on glass or polystyrene) · 100.
d Compared is combined percentage of cells with complex and membranous morphology (see Fig. 4 ) on optimal gel and glass.
e Cell stiffness was independent of gel stiffness, and the average cell stiffness values for gel stiffness range 0.1-1 kPa were used for comparison with polystyrene.
f Measurements for cells on polystyrene. dependence of cell stiffness on gel stiffness is that mESCs and OL lineage cells exhibit a highly rounded cell body with a rather sparse, weakly aligned actin cytoskeleton, in contrast to the well spread, flatter morphology and well-developed actin stress fibers exhibited by MSCs and fibroblasts adhered to increasingly stiff substrata.
Extracellular mechanical environment modulates OPC migration
We found that OPC migration was maximal for gel stiffness of 0.7 kPa, occurring less efficiently on more compliant or stiffer substrata (Fig. 3d, e) . During development, OPCs originate within discrete regions from which they migrate throughout the CNS; one may conjecture that this migration is optimized in vivo over only a small range of tissue stiffness that varies both spatially and temporally during development. For example, the stiffness of presumptive white matter tracts, containing radially or longitudinally oriented axons, may provide a more permissive physical environment for OPC migration than the dense network of processes within the gray matter. In support of this, adult white matter is less stiff than adult gray matter [20] , although we note that the white matter is already myelinated in the adult brain. The possibility of spatially varied mechanical properties serving as guidance cues for cell migration and behavior in the CNS is a general, emergent theme that is further supported by our results [49] . The underlying molecular mechanisms of how mechanical differences are converted into biochemical signals and ultimately functional changes are currently attracting intense scientific interest [50] . While the elucidation of such mechanisms is beyond the scope of this particular study, these will likely involve ligand-receptor interactions and the actomyosin contractile machinery as discussed for other tissue cell types [51] . Our results demonstrate that such related reports of mechanotransduction are also relevant to cells in the CNS.
Differences between OPC properties measured on substrata of physiological stiffness and on glass or PS One implication of OPC mechanosensitivity is that some properties measured for cells cultured on PS or glass surfaces, which are orders of magnitude stiffer than brain tissue (*3 and 70 GPa, respectively, compared to < 1 kPa; see Fig. 1e ), may differ from those occurring in vivo. In Table 1 , we summarize relative differences between our results obtained on gels of stiffness optimal for each cell property (i.e., maximizing the magnitude of that property) and on glass or PS. We observed the largest differences for cell stiffness of both OPCs and OLs, which was much lower on gels than on PS. We also observed significantly lower migration velocity and radius on gels compared to that observed on PS, and lower differentiation extent on gels compared to that observed on glass. Cell adhesion was greater on gels than on glass, but cell proliferation and survival did not differ significantly between the optimal gels and glass. It is important to note that PS and glass substrata differ from each other and also from in vivo matrices and in vitro gels in several other characteristics beyond mechanical stiffness (e.g., chemical composition, topography, surface charge, etc.). Thus, our study here has emphasized correlations between mechanical stiffness and cell responses among substrata of a given class (i.e., PAAm gels of varying stiffness), while noting the additional differences from cell responses observed on conventional glass and PS surfaces.
In conclusion, we have demonstrated that OPCs from the CNS are mechanosensitive. Cell survival, proliferation, migration, and differentiation of these stem cells in vitro all vary significantly with the mechanical stiffness of the environment to which these cells adhere. Note that the survival, proliferation, and migration are maximized at an intermediate gel stiffness over the physiological range considered. In vivo, the mechanical environment of OPCs and OLs is likely to change spatially and temporally, which could plausibly impact differentiation and myelination. Having established the baseline mechanosensitivity of OPCs in quasi-2-dimensional in vitro culture, we and others can now investigate whether local, pathological changes in mechanical environment of the CNS-such as those expected to occur in multiple sclerosis and other demyelinating diseases-may promote dysregulation of OPC differentiation and ultimately lead to incomplete remyelination of lesions. More generally, the mechanical cues accessible to OPCs should be considered together with biochemical cues in further studies of OL function in both healthy brain and demyelinating diseases.
